Despite the importance of the venous system in the regulation of blood pressure, there are few studies that evaluate venous function in health and disease, and the effects of drugs on venous function. Blood pressure depends directly on the peripheral resistance and cardiac output. Unlike the peripheral resistance, in which the contractile activity of the arteries is the key factor, cardiac output depends primarily on the venomotor tone. An increase in cardiac blood pressure can be caused by an increase in blood volume, structural changes in the walls of the veins, leading to a reduced compliance thereof, or an increase in the contractile activity of venous smooth muscle. This study examined the effect of sodium nitroprusside (SNP), a classical nitric oxide donor, on vascular relaxation in the vena cava from normotensive (2K) and renal hypertensive (2K-1C) rats. We studied the effect of this compound in vena cava rings from normotensive and renal hypertensive rats. We showed for the first time that the vascular relaxation induced by SNP is impaired in vena cavas from hypertensive rats because of an impaired functional activity of potassium channels. Another relevant finding of this study is that the sarcoplasmic reticulum Ca 2 þ ATPase is not involved in the venorelaxation induced by SNP.
INTRODUCTION
Nitric oxide (NO) donors are pharmacologically active substances that release NO in vivo or in vitro. The classical NO donors are nitroglycerin and sodium nitroprusside (SNP). They have an important therapeutic effect in the treatment of many cardiovascular diseases such as angina pectoris and hypertension. The major clinical benefit of NO donors is attributed to their venodilator effect, resulting in decreased venous return, cardiac preload, high blood pressure and decreased myocardial oxygen demand. 1 Arterial pressure depends directly on the peripheral resistance and cardiac output. Unlike the peripheral resistance, in which the contractile activity of the arteries is the key factor, cardiac output depends mainly on the venomotor tone. An increase in cardiac blood pressure can be caused by an increase in blood volume, structural changes in the walls of the veins, leading to the reduced compliance thereof, or an increase in the contractile activity of venous smooth muscle. 2 Veins are structurally and functionally different from arteries. Veins have a smaller smooth muscle layer compared with arteries, but being able to accommodate 70% of the circulating blood volume, veins can modulate cardiovascular homeostasis and contribute significantly to hypertension pathogenesis. 3 On a quantitative basis, changes in venous capacitance have a major role in the control of venous return and cardiac output, because 60-75% of the total blood volume is contained in the veins. 4 Greene and Shoukas, 5 by the simultaneous determination of cardiac function and venous return curves in dogs, showed that a maximal reflex change in venous capacitance could alter the cardiac output by up to 40%. Thus, changes in venous function have important implications for the control of cardiac output and cardiovascular homeostasis. 6 Despite the importance of the venous system in the regulation of blood pressure and cardiac output, there are few studies that evaluate venous function in health and disease conditions, and the effects of drugs on venous function. The lack of research in this area is probably due to the technical difficulties associated with venous studies. 7 Therefore, we hypothesized that the NO donor, SNP, is able to induce vascular relaxation in vena cava rings from normotensive and renal hypertensive 2K-1C rats.
Despite the importance of the veins in blood pressure control and in coronary vasodilation, there are few studies showing the effect of NO donors on this system. The present study aimed to investigate the vasodilator effect of SNP and the cellular mechanisms activated by NO release from this NO donor in vena cavas from renal hypertensive rats compared with normotensive rats.
METHODS Animals
This study was approved by the Ethics Committee of the University of São Paulo (08.1.432.53.8). Male rats (180-200 g) were used in the present study. Renovascular hypertension (2K-1C) was produced by placing a silver clip (0.2 mm internal diameter) on the left renal artery while rats were under anesthesia with tribromoethanol (25 mg kg À1 , administered i.p.). Control rats (2K) were only subjected to laparotomy. This technique was described by Goldblatt et al. 8 and adapted by Shaffemburg 9 for small animals. Rats were maintained on standard chow, and the systolic blood pressure was measured using the tail-cuff method at 6 weeks after surgery. Rats were considered to be hypertensive when the systolic blood pressure was 4160 mm Hg.
Drugs
All drugs were purchased from Sigma (St Louis, MO, USA).
Functional studies
Preparation of vena cava rings. The inferior vena cava was isolated, cut into rings and mounted between two steel hooks to measure the isometric tension, which was recorded on a polygraph (Letica Scientific Instruments, Barcelona, Spain). The rings were placed in organ chambers containing Krebs' solution of the following composition (in mmol l À1 ): NaCl 130; KCl 4.7; KH 2 PO 4 1.2; MgSO 4 1.2; NaHCO 3 14.9; glucose 5.5 and CaCl 2 1.6. The solution was maintained at pH 7.4 and gassed with 95% O 2 and 5% CO 2 at 37 1C. The rings were initially stretched to a basal tension of 0.5 g, before being allowed to equilibrate for 60 min in the bath fluid, which was changed every 20 min. To verify the viability of the rings, they were stimulated twice with 10 mmol l À1 5-hydroxytryptamine hydrochloride. The preparations were considered viable when the contractile responses presented similar amplitudes. The tissues were washed, and to avoid interference from endogenous NO while assaying the effect of the NO donor, preparations with intact endothelium were preincubated with 0.1 mmol l À1 L-nitro-L-arginine methyl ester, a non-selective NOS inhibitor, for 30 min prior to all the protocols performed on the vena cava rings. The tissues were pre-contracted with the contractile agent endothelin-1 at the half-maximal contraction (EC 50 ) concentration (3 nmol l À1 ), and specific protocols were performed on vena cava rings isolated from 2K-1C and 2K rats.
Experimental protocols
Concentration-effect curves for SNP. Vena cava rings were contracted with endothelin-1 (3 nmol l À1 ). When the contraction in response to endothelin-1 had reached a plateau, SNP (0.1 nmol l À1 -1 mmol l À1 ) was added cumulatively.
The effect of oxyhemoglobin, 4,5-dihydroxybenzene-1,3-disulfonate (tiron), 1H-[1,2,4]oxadiazolo [4,3-alpha] quinoxalin-1-one, Rp-8-Br-PET-cyclic GMPS, sodium salt (Rp-8-Br-PET-GMPc), thapsigargin and K þ channel blockers on the relaxation response to SNP. To test the effects of other compounds on the response of the vena cava to SNP, the following compounds were applied to the vena cava rings at the indicated concentrations 30 min before adding endothelin-1 (3 nmol l À1 ): sodium 4,5-dihydroxybenzene-1,3-disulfonate (tiron), a free radical scavenger (100
paxilline, a large conductance Ca 2 þ -dependent K þ channel blocker (1 mmol l À1 ) and barium chloride, an inwardly rectifying K þ channel blocker (30 mmol l À1 ). Subsequently, cumulative SNP concentration-response curves were constructed. The effect of the duration of incubation of the tissue with the various inhibitors was investigated and found to have no effect on the baseline.
Data analysis
Data are expressed as the mean±s.e.m. with n indicating the number of animals. The maximum effect was considered as the maximal amplitude response reached in the concentration-effect curves for each relaxant agent. The concentration of the agent producing a half-maximal relaxation amplitude (EC 50 ) was determined after logarithmic transformation of the normalized concentration-response curves, and EC 50 values are reported as the negative logarithm (pD 2 ) of the mean of the individual values for each tissue. Statistical 
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M Paulo et al analysis was performed using the t-test or two-way analysis of variance (ANOVA) with the Bonferroni post test. Po0.05 was considered significant.
RESULTS
Systolic blood pressure was significantly higher in 2K-1C rats (210 ± 7 mm Hg, n ¼ 30) than in 2K rats (112 ± 2 mm Hg, n ¼ 30) 6 weeks after surgery. SNP-induced relaxation in the vena cava rings from 2K and 2K-1C rats in a concentration-dependent way, as shown in Figure 1a . The maximum effect values (2K-1C: 58.6 ± 3.3%, 2K: 83.3 ± 2.4%; Po0.05), but not the pD 2 values, obtained from 2K-1C rats were lower in vena cava rings compared with those obtained from 2K rats. Figure 1b shows a tracing of force in rat vein rings.
As shown in Figure 2a , tiron increased the maximum effect in vena cava rings from 2K rats (from 83.3±2.4 to 97.9±3.8%, n ¼ 6; Po0.05) and 2K-1C rats (from 58.6 ± 3.3 to 75.8 ± 3.7%, n ¼ 6; Po0.05). The relaxation induced by SNP was almost abolished by the guanylyl-cyclase inhibitor (ODQ) in vena cava rings from 2K and 2K-1C rat (Figure 2b ).
As shown in Figure 3a , the inhibition of protein G kinase (GK) with Rp-8-Br-PET-cGMP reduced the maximum effect in 2K rat vena cava (from 83.3± 2.4 to 42.7±2.8%, n ¼ 6; Po0.001) and in 2K-1C rat vena cava (from 58.6 ± 3.3 to 35.7 ± 1.7%, n ¼ 6; Po0.001).
The SERCA inhibitor thapsigargin had no effect on the relaxation induced by SNP in vena cava rings from 2K and 2K-1C rats (Figure 3b) .
In vena cava rings from 2K-1C rats, the relaxation induced by SNP was not inhibited by TEA, apamin, 4-aminopiridine, glibenclamide, paxilline or barium chloride (Table 1 ). The relaxation of vena cava rings from 2K rats in the presence of selective K þ channel blockers was not different from the response observed in aortic rings from the control animals (Table 1) . However, the non-selective K þ channel blocker (TEA) reduced the relaxation induced by SNP in 2K rats (from 83.3±2.4 to 52.1 ± 3.7%, n ¼ 6; Po0.05) but not in 2K-1C rats (Figure 4 ).
DISCUSSION
We showed for the first time that the vascular relaxation induced by SNP is impaired in the vena cava from renal hypertensive rats. In this model of hypertension, impaired K þ channels may contribute to decreased vasodilatation in response to SNP in the veins.
Several other studies have also demonstrated a reduction in NO-dependent vasodilator responses in hypertensive rats in other vascular beds. Callera et al. 10 and Bonaventura et al. 11 reported a reduction in endothelium-dependent and independent relaxation in response to acetylcholine and SNP, respectively, in aortas isolated from 2K-1C rats. This impairment has been attributed to the increased production of reactive oxygen species. 12, 13 Superoxide
is an important member of the reactive oxygen species family that has been found in elevated concentrations in the vascular smooth muscle cells from renal hypertensive rats. 14 NO bioavailability could be significantly reduced in the presence of O 2 À because NO reacts with O 2 À to form peroxynitrite (ONOO À ). 15 Therefore, we hypothesized that the vascular relaxation induced by SNP is impaired in the vena cava from 2K-1C rats owing to the greater amount of O 2 À in this hypertension model. To confirm this hypothesis, we performed experiments using the O 2 À scavenger tiron. We found that tiron increased the maximum effect induced by SNP in the vena cava from both 2K and 2K-1C rats. These results suggest that reactive oxygen species such as O 2 À would be responsible for reduced bioavailability of NO in the vena cava from normotensive and hypertensive animals. However, it does not explain the lower vasodilator response to SNP in hypertensive animals found in the present study. Thus, this difference may be related to the deficiency in the mechanisms of vascular relaxation in hypertensive rats.
NO induces vascular smooth muscle relaxation mainly by activation of soluble guanylyl-cyclase enzyme (sGC) with consequent formation of cGMP and or by direct activation of K þ channels. 16 By using the selective inhibitor of sGC activity, ODQ, we found that this pathway is important for the venous relaxation triggered by SNP in normotensive and renal hypertensive rats. The cGMP accumulated after activation of sGC by NO can activate cGMP-dependent protein kinase, GGK. In our study, the inhibition of GK reduced the relaxation induced by SNP in the vena cava rings from 2K and 2K-1C rats. Homer et al. 17 also found differences in the effect of GK inhibition for different NO donors. In the rat pulmonary artery, the relaxation induced by spermine NONOate was minimally inhibited by the same inhibitor used in our study, whereas the relaxation induced by nitroglycerin was highly inhibited by Rp-8-Br-PET-cGMP.
We also investigated the involvement of SERCA in the relaxation mediated by SNP in the vena cava. In this vessel, SERCA does not seem to be involved. However, studies by Bonaventura et al. reported that the incubation of the aorta with another SERCA inhibitor, cyclopiazonic acid, affected the relaxation induced by SNP.
Membrane hyperpolarization is an important mechanism for the relaxation induced by nitrates in some vascular beds. 18 It may occur due to the opening of K þ channels in response to either NO 16 or phosphorylation by protein kinases. 19 The involvement of K ± channels in relaxation induced by SNP could be better studied using the non-selective blocker of these channels, TEA. 20 In the present study, TEA reduced the relaxation induced by SNP only in the vena cava rings from 2K rats. The main new finding of the present study is that the impaired relaxation of the vena cava from hypertensive rats is due to K þ channel activation impairment. The main types of K þ channels are the Ca 2 þ -activated K þ channels of high and low conductance (SK Ca and BK Ca ), the inwardly rectifying K þ channel, the voltage-dependent K þ channel and the ATP-sensitive K þ channel. In the present study, we used selective K þ channel blockers to identify which K þ channel is involved in this response. To our surprise, our results showed that none of these blockers alone changed the relaxation induced by SNP in the vena cavas of normotensive or hypertensive rats. Hempelmann et al. 21 have also investigated the contribution of K þ channels to the relaxation induced by the NO donor, DEA-NONOate (DEA/NO), by using TEA, glibenclamide and 4-aminopyridine at the same concentrations that were used in this work. They showed that none of these blockers alone changed the relaxation stimulated with DEA/NO in the basilar artery of Sprague-Dawley rats. However, when the selective blockers glibenclamide and 4-aminopyridine were incubated in the same preparation, the maximum effect induced by DEA/NO was decreased. 21 They have hypothesized that when one subtype of K þ channel is blocked, the others may overcome this blockade and the relaxation remains unaltered. However, when more than one subtype is blocked, the response is impaired. In fact, in our study, when we used the nonselective K þ channel blocker that would block most of the K þ channels, the SNP-induced relaxation was impaired.
Taken together, our results show that SNP is able to induce the relaxation of the vena cava of the rat by activation of the cGMP/sGC/ GK pathway and potassium channels, and this process does not involve SERCA. However, SNP-induced relaxation is impaired in vena cavas from hypertensive rats, most probably due to the impairment of potassium channels. Table1 Effect of K þ channel blockers on ME and pD 2 values of SNP in vena cava rings from two kidney normotensive and two kidney, one clip hypertensive rats
2K-1C ME pD 2 ME pD 2
